The dissociation of nitric acid upon nb,O →* NO 2 excitation at 193 nm has been studied in a crossed laser-molecular beam apparatus. The primary reaction channels are OHϩNO 2 and OϩHONO. We measure the branching ratio between these two competing processes and determine ͑OHϩNO 2 ͒/͑OϩHONO͒ϭ0.50Ϯ0.05. Our experiments provide evidence of a minor OϩHONO pathway, which we assign to O( 3 P) and HONO in its lowest triplet state. The dominant pathway correlates to O( 1 D)ϩHONO(X 1 AЈ). The translational energy distributions reveal two distinct pathways for the OHϩNO 2 channel. One pathway produces stable NO 2 fragments in the 1 2 B 2 electronic state. The second pathway produces unstable NO 2 fragments which undergo secondary dissociation to NOϩO. We examine the influence of nonadiabaticity along the OHϩNO 2 reaction coordinate in order to explain the significant branching to this other channel. Finally, we introduce a new method for generating correlation diagrams for systems with electronic transitions localized on one moiety, in which we restrict the changes allowed in remote molecular orbitals along the reaction coordinate. Analysis of previously measured XϩNO 2 photofragment pathways in nitromethane and methyl nitrate provides further support for using a restricted correlation diagram to predict the adiabatic and nonadiabatic product channels.
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I. INTRODUCTION
While the bulk of this paper seeks to investigate the specific competing adiabatic and nonadiabatic dissociation channels of nitric acid at 193 nm, two results in the paper address broader issues. First, the adiabatic OHϩNO 2 (1 2 B 2 ) reaction pathway, which is one of the two OHϩNO 2 channels experimentally observed, belongs to a general class of reactions where the individual orbital symmetry is not conserved along the reaction coordinate. Thus, this system provides the opportunity to test whether such reactions are particularly susceptible to electronically nonadiabatic effects. Second, the analysis of our results on nitric acid suggests an approach to determine what product channels are inaccessible when nonadiabatic effects play an important role. We find in nitric acid that product channels which require the OH radical orbital to change symmetry from aЈ in the reactant region to aЉ in the product region, with a complementary change in the occupied NO 2 orbitals necessary to maintain the overall state symmetry, simply are not observed experimentally. Such a change in the electronic wave function during reaction is evidently even more difficult for a molecule to accomplish than a switch in the individual orbital symmetry when both sets of orbitals are localized on the same moiety. Thus, we introduce a ''restricted adiabatic'' correlation diagram that disallows correlations to product channels when such drastic changes in the electronic wave function are required. In the specific, but not narrow, class of systems in which the relevant molecular orbitals are effectively localized in both the reactants and products, such restricted correlation diagrams should prove useful in identifying which reaction channels are viable ones. The potential significance to any reactive system with electronically localized functional groups is clear.
Many research groups have investigated the photodissociation of nitric acid in the ultraviolet region due to its importance in atmospheric chemistry. Although these studies indicate the major primary products from the photodissociation of nitric acid at 193 nm are OHϩNO 2 and OϩHONO, [1] [2] [3] the quantum yields of these products remain disputed. Furthermore, the role of electronic nonadiabaticity in the dissociation dynamics of the competing channels and the identity of the NO 2 products have not been elucidated. We begin with a brief review of the relevant experimental and theoretical work on nitric acid before presenting our goals for this paper.
The broad and structureless ultraviolet absorption spectrum 4 for nitric acid results from three transitions involving orbitals localized on the NO 2 moiety. The intense absorption band with a maximum at 190 nm (ϭ10 Ϫ17 cm 2 ) involves a nb,O →* NO 2 transition to the 2 1 AЈ electronic state. At wavelengths longer than 200 nm in the absorption spectrum, the major primary process is production of OHϩNO 2 ͑Ref. 5͒, and there have been several recent detailed studies of the OH photofragment angular distributions, lambda doublet ratios, and v -J correlations, [6] [7] [8] [9] as well as analysis of the fluorescence from the NO 2 product. 10, 11 Excitation to the 2 1 AЈ excited state for nitric acid leads to both OHϩNO 2 and OϩHONO products. Although the quantum yields for these products have been investigated, conflicting measurements have been reported. Ravishankara and co-workers 1 detect OH products via pulsed laser-induced fluorescence and report ⌽(OH)ϭ0.33Ϯ0.06. 2 on the other hand, detect the OH fragment with high resolution infrared absorption spectroscopy and report a higher OH quantum yield, ⌽(OH)ϭ0.47Ϯ0.06. A third group, Huber and co-workers, 3 use photofragment translational spectroscopy to determine the yield for OHϩNO 2 to be ⌽(OH)ϭ0.6Ϯ0.1 and for OϩHONO to be ⌽(HONO)ϭ0.4Ϯ0.1.
More important than the conflicting branching ratios is that the electronic states of the products have not been correctly assigned. One difficulty is that prior experimentalists have interpreted their data using ab initio electronic structure calculations by Bai we correct the correlation diagrams in this paper before introducing a new method for generating a restricted correlation diagram to predict the observed nonadiabatic product channels.
Prior photofragment translational energy measurements by Huber and co-workers 3 revealed a bimodal translational energy distribution for the OHϩNO 2 channel. They claimed correctly that one channel produces NO 2 fragments with enough internal energy to undergo secondary decay to NOϩO( 3 P). They proposed, however, that the unstable NO 2 fragments may be either formed as electronically excited NO 2 (1 2 B 1 ) or ground state NO 2 (1 2 A 1 ). They also showed that the other channel produces stable NO 2 product since more of the available energy goes into translation. Due to the small fluorescence quantum yield of electronically excited NO 2 upon photodissociation of nitric acid at 193 nm, 14 they concluded that this second channel produces NO 2 in its ground electronic state ( 2 A 1 ) via internal conversion to a lower electronic state. We will show in this paper that this assignment of the NO 2 product electronic states is incorrect.
Some disagreement concerning the electronic states of the OϩHONO products also exists. Stuhl and co-workers 15 used pump-probe experiments to record OH(A -X) emission from a two-photon process involving HONO, the intermediate produced from the photolysis of nitric acid at 193 nm. They observed rotational levels for OH up to NЈϭ31 with ArF as the probe laser and up to NЈϭ19 with KrF as the probe laser. Based on energetics and spin conservation, they proposed that HONO is formed in its lowest triplet state with O( 3 P) as its coproduct. Ravishankara and co-workers 1 detected the formation of both O( 3 P) and O( 1 D), which suggests that both singlet and triplet HONO could be produced. Although some of the O( 3 P) resulted from secondary dissociation of NO 2 , the high quantum yield for O( 3 P) indicates another source is also present. On the other hand, Huber and co-workers 3 propose that only singlet HONO and O( 1 D) are produced at 193 nm. Our experiments presented here show that both channels occur.
In this paper, we measure the photofragment velocity and angular distributions in a crossed laser-molecular beam apparatus to investigate the primary reaction pathways in nitric acid excited at 193 nm. We measure the branching ratio between the OHϩNO 2 and the OϩHONO channels. Using our translational energy distributions, we identify the electronic states of the photofragments. To provide further support for our assignments, we present adiabatic correlation diagrams along the OHϩNO 2 and the OϩHONO reaction coordinates. We also examine the influence of nonadiabatic effects along the OHϩNO 2 reaction coordinate and develop a restricted correlation diagram which we use to predict the major product channels that occur in nitric acid as well as similar systems such as methyl nitrate and nitromethane.
II. EXPERIMENT
A. Molecular beam experiments
We use a crossed laser-molecular beam apparatus with a rotatable molecular beam source 16, 17 to measure the photofragment time-of-flight ͑TOF͒ distributions from the dissociation of nitric acid. After thoroughly degassing the nitric acid, we bubbled helium through the liquid sample of 90% nitric acid maintained at 10°C. This 4% gaseous mixture of nitric acid ͑96% He͒ 18 was expanded through a 0.10 mm diameter nozzle at a total stagnation pressure of 300 Torr generating the molecular beam. To reduce the formation of clusters during the supersonic expansion, we heated the nozzle to 104°C. ͑We took a helium beam TOF to determine the nozzle temperature.͒ The velocity distribution of the parent molecular beam is measured by rotating the source so that it points directly into the detector and raising a chopper wheel into the beam.
We use a Lumonics PM-848 pulsed excimer laser to produce the 193 nm light. The unpolarized laser light was focused to a 6 mm 2 spot size in the interaction region. The power, measured with a Scientech 362 power energy meter, was approximately 7 mJ/pulse in the interaction region. The neutral dissociation products formed at the crossing point of the laser and molecular beams travel 44.13 cm to an electron bombardment ionizer where ionization is induced by 200 eV electrons. The resulting ions are then mass-selected with a quadrupole mass filter and counted with a Daly detector. The signal intensity of the mass-selected fragment with respect to its time-of-arrival is recorded with a multichannel scaler.
The angular distributions of the photofragments are obtained by polarizing the laser beam and measuring the change in signal intensity with the laser polarization angle. The laser beam is polarized by a single crystal quartz Pellin-Broca, which disperses the unpolarized light into two linearly polarized components. The horizontal component is utilized, and the polarization is rotated with a half-wave retarder. We calibrate the half-wave retarder by placing another Pellin-Broca after the half-wave plate and rotating the half-wave plate until the vertical component disappears, corresponding to a laboratory polarization angle of 90°. The polarized laser light was focused to a 3 mm 2 spot size, and the measured power was approximately 3 mJ/pulse in the interaction region. Laser polarization angles and molecular beam source angles are defined with respect to the detector axis as positive with counterclockwise rotation, and positive with clockwise rotation, respectively.
We , was collected for 50 000 shots. The laser beam was stabilized to 7 mJ/pulse in the interaction region and operated at 150 Hz. To test the validity of our branching ratio, we repeated these experiments three times. The first set of data was collected over 34 scans for each mass, the second set was collected over 30 scans each, and the last set was collected over 42 scans each.
Quadrupole resolution was maintained at 1.0 amu full width at half maximum ͑FWHM͒ for all three sets. The beam had an average peak velocity of 1.36ϫ10 3 m/s and a FWHM of 11.5%. Although we only present the data for the branching ratio from the final set, we calculate the branching ratio from the average of all three sets, and our reported error represents a 95% confidence limit in the mean.
III. RESULTS AND ANALYSIS
A. Identification of primary product channels
The TOF spectrum shown in the top frame of Fig. 1 for OH ϩ at 30°is evidence for three of the competing channels, two pathways for OHϩNO 2 formation and one for OϩHONO formation ͑HONO cracks in the ionizer to give OH ϩ ͒. The bottom frame of Fig. 1 shows the TOF spectrum of OH ϩ at 10°. This spectrum includes a second OϩHONO channel, which we identify in the following manner. In order to determine if clusters contributed to this signal, we fit the HNO 3 ϩ TOF in the top frame of Fig. 2 . The corresponding velocity distribution in the bottom frame of Fig. 2 , however, shows the clusters are recoiling too slowly to appear signifi-FIG. 1. The top frame shows the laboratory TOF spectrum of the photofragments detected at OH ϩ with a source angle of 30°after 750 000 laser shots. The fast peak results from two OHϩNO 2 channels and is fit with the P(E T )s presented in Fig. 7 . We represent the NO 2 electronic state that we are unable to identify by NO 2 *, which represents a higher electronic state than NO 2 (1 2 B 2 ). The slow signal results from OϩHONO and is fit with the faster P(E T ) in Fig. 6 . The bottom frame shows the laboratory TOF spectrum of the photofragments detected at OH ϩ with a source angle of 10°. This TOF reveals another OϩHONO channel at low kinetic energies. This signal is fit with the slower P(E T ) in Fig. 6 . This TOF is also used in the branching ratio calculation in which the signal for the OHϩNO 2 channels is integrated from 94-190 s.
cantly at 10°. Thus, another channel must be contributing to the OH ϩ signal. This slow signal also appears in the TOF spectrum for NO 2 ϩ at 15°, . The HONO fragments from the two pathways, however, possess very different cracking patterns, which can be easily seen by comparing the OH ϩ and NO 2 ϩ TOFs. The vastly different cracking patterns suggest the HONO fragments are in different electronic states. 19 We can adequately fit all our data for OH ϩ , O ϩ , and NO 2 ϩ from these four primary reaction pathways. The signal in the NO ϩ TOF spectrum that is not fit results from the secondary dissociation of NO 2 .
The translational energy distributions, P(E T ) s , used to fit the two OϩHONO channels, are shown in Fig. 6 . We estimate the competition between the two OϩHONO pathways from the relative probabilities of the O atom fragments, the momentum-matched partners to HONO, used to fit the O ϩ TOF in Fig. 5 . The branching ratio between the fast and slow OϩHONO channels is 4:1; therefore, the slower OϩHONO channel is only a minor process. The kinetic energy distributions used to fit the two OHϩNO 2 channels shown in Fig. 7 are in agreement with those reported by Huber and co-workers. 3 One channel produces stable fragments with an average translational energy of 39 kcal/mol. The other channel produces fragments with an average translational energy of 16 kcal/mol, so that the NO 2 fragments have enough internal energy to undergo secondary dissociation to NOϩO( 3 P), as previously proposed by both Huber and co-workers and Chen and co-workers. 20 This is also reflected in our NO 2 ϩ TOF, where this second OHϩNO 2 channel does not appear. We determine the branching ratio between the fast and slow OHϩNO 2 channels of 1.0:2.2 from with a source angle of 15°after 1 million laser shots. This spectrum clearly shows the second OϩHONO pathway since the slow, broad signal in this TOF cannot be fit by any of the three channels evidenced at OH ϩ at 30°in the top frame of Fig. 1 . The signal is also too fast to result from clusters as indicated in Fig. 2 the relative probabilities used to fit the OH ϩ TOF. In the discussion, we assign the faster OHϩNO 2 channel to OHϩNO 2 (1 2 B 2 ), which differs from that proposed by Huber.
B. Angular distributions
We fit our angular distribution measurements by varying the anisotropy parameter ␤ in this expression for the intensity of the angular distribution of the fragments
in which c.m. is the angle between the electric vector and the recoiling fragment in the center-of-mass reference frame. In the limit of prompt and axial recoil, the anisotropy parameter ␤ can be expressed as
in which ␣ is the angle between the transition dipole moment and the recoiling fragment. Since the photofragment angular distribution is measured in the laboratory frame, fitting the data involves converting between the center-of-mass and laboratory frames using the measured molecular beam velocity and the P(E T ) determined from the unpolarized data. Figure 8 shows the integrated HONO fragment signal from the OϩHONO channel at OH ϩ versus ⌰ LAB , the angle between the electric vector of the polarized laser and the detector axis. The data are fit best with an anisotropy parameter, ␤ϭϩ1.4, which is more anisotropic than the value of ϩ0.6 reported by Huber and co-workers. Their data may have included contributions from clusters which smear out the angular distribution. Our measured value is plausible, for if we assume that distortion of the molecule upon photoexcitation does not alter the recoiling bond direction before dissociation, and that the transition dipole moment is parallel to the terminal O atoms, the predicted ␤ϭ2 P 2 (cos 23.93°) ϭ 1.5 ͑Ref. 22͒.
Our angular distributions for the OHϩNO 2 channels agree with Huber and co-workers. Figure 9 shows the integrated OH fragment signal from the OHϩNO 2 channels at OH ϩ versus ⌰ LAB . The data for the slow OHϩNO 2 fragment channel are fit best with ␤ϭϪ0.6, and the data for the fast OHϩNO 2 fragment channel are fit best with ␤ϭϪ0.5.
FIG. 5. Laboratory TOF spectrum of the photofragments detected at O
ϩ . This signal shows the momentum-matched O atom fragments from both OϩHONO channels. It also is fit with contributions from HONO cracking in the ionizer to give O ϩ for both channels. This TOF is used for the branching ratio calculation in which the signal for the fast OϩHONO channel is integrated over 130-150 s to avoid any overlapping signal from other channels.
FIG. 6. Center-of-mass product translational energy distributions, P(E T )s, for the HONO 2 →OϩHONO channels. The fast component is derived from forward convolution fitting the OH ϩ signal which peaks around 325 s in the top frame of Fig. 1 . This P(E T ) is assigned to the formation of O( 1 D) ϩHONO(X 1 AЈ). The slow component is derived from forward convolution fitting the slow NO 2 ϩ signal, Fig. 3 , which could not be fit from the other three channels. We assign this channel to O( 3 P)ϩHONO(a 3 AЉ). The branching ratio between the fast and slow OϩHONO channels is 4:1; therefore, the slow channel is only a minor pathway. The normalized P(E T )s are scaled according to the relative probabilities used to fit the O ϩ data in Fig.  5 .
FIG. 7.
Center-of-mass product translational energy distribution, P(E T ), for HONO 2 →OHϩNO 2 . The two distributions are derived from forward convolution fitting the first peak in the OH ϩ TOF in Fig. 1 . The branching ratio between the slow and fast OHϩNO 2 channels is 2.2:1.0. The faster P(E T ), which peaks at 35 kcal/mol, is assigned to OHϩNO 2 (1 2 B 2 ). The slower translational energy distribution, which peaks at 15 kcal/mol, corresponds to NO 2 fragments with enough internal energy to undergo secondary dissociation. The normalized P(E T )s are scaled according to the relative probabilities used to fit the OH ϩ data in Fig. 1 .
C. Branching ratio measurements
We calculated the branching ratio from the observed signals at O ϩ ͑Fig. 5͒ and OH ϩ ͑bottom frame of Fig. 1͒ and corrected for the ionization cross sections and kinematic factors. We integrated the signal for OH ϩ over channels 47-95 ͑94-190 s͒, subtracting the background from channels 8-40 ͑16-80 s͒. For O ϩ , we integrated the signal from channels 65-75 ͑130-150 s͒, which avoids any overlapping signal from other processes, and subtracted the background from channels 8-40. We did not include the minor OϩHONO channel in our first branching ratio calculation because this signal is completely overlapped by other processes. We estimate the ionization cross sections of OH and O from their polarizabilities 23 to be 25.6 and 14.2 Å 2 , respectively. Our reported branching ratio is the average from three separate measurements,
͑3͒
We can estimate the contribution from the minor OϩHONO channel from the relative probabilities used to fit the O product for both channels from the O ϩ TOF. The branching ratio between these two processes is 4:1, which already includes corrections for the kinematic factors. Thus, we calculate the total branching ratio as
͑4͒
IV. DISCUSSION
A. OH؉NO 2 channels
As presented in Sec. III A, the data show two different kinetic energy distributions for the OHϩNO 2 pathway in agreement with Huber and co-workers. 3 In this section, we attempt to definitively determine the NO 2 electronic states for both channels, beginning with the pathway which produces the stable NO 2 fragments. Huber assigned this channel to NO 2 in its electronic ground state (X 2 A 1 ); we, however, propose a different assignment for this channel. We assign the NO 2 electronic states by comparing our measured translational energy distributions for the OHϩNO 2 channels, Fig.  7 , with the predicted maximum and most probable kinetic energies for the NO 2 fragments. Obvious candidates are the low-lying excited states of NO 2 . We obtain the maximum available translational energy from the minimum energies of the excited electronic states of NO 2 ͑Ref. 24͒ and the 47.6
Line fits show the predicted change in integrated signal with polarization angle using the same anisotropy parameter, ␤, for both channels and the P(E T )s in Fig. 6 , which are scaled according to the relative probabilities used to fit the two OϩHONO channels in the OH ϩ TOF in Fig. 1 . The best fit is obtained with the solid line, which corresponds to ␤ϭ1.4. FIG. 9 . The top frame shows the laboratory angular distributions of the faster OH product measured at OH ϩ with a linearly polarized laser and a source angle of 30°. The data points represent the integrated experimental TOF signal between 102 and 114 s measured at four different laser polarization angles. Line fits show the predicted change in integrated signal with polarization angle given an anisotropy ␤ and the faster P(E T ) in Fig. 7 . The best fit is obtained with the solid line, which corresponds to ␤ϭϪ0.5. The bottom frame shows the laboratory angular distributions of the slow OH product measured at OH ϩ with a linearly polarized laser and a source angle of 30°. The data points represent the integrated experimental TOF signal between 150 and 200 s measured at four different laser polarization angles. Line fits show the predicted change in integrated signal with polarization angle given an anisotropy ␤ and the slower P(E T ) in Fig. 7 . The best fit is obtained with the solid line, which corresponds to ␤ϭϪ0.6.
kcal/mol bond dissociation energy. Since little energy is partitioned into internal energy of the OH fragment, 25, 26 the excess energy after dissociation must go into internal energy of NO 2 and relative translational energy, allowing us to calculate not only the maximum available kinetic energy but also the most probable kinetic energy for the NO 2 fragments. We thus predict the peak kinetic energy in our measured P(E T )s by estimating the most probable internal energy of the NO 2 fragments from a Franck-Condon projection of the initial NO 2 geometry in nitric acid onto the NO 2 product states, noting the geometry changes are primarily in the angle bend. We also simply subtract the average internal energy of the OH fragment, 2.7 kcal/mol, as reported by Chen and co-workers. 20 Using the equilibrium ONO angle in nitric acid ͑130°͒ 22 and potential energy curves of NO 2 along the ONO bending coordinate from multireference single and double configuration interaction calculations, 27 we determine the most probable internal energy of the NO 2 products for the three lowest-lying doublet states of NO 2 . The most probable and the maximum available kinetic energies predicted for the OHϩNO 2 fragments in each of the three low-lying excited NO 2 electronic states are listed in Table I . For example, the most probable kinetic energy predicted for any OHϩNO 2 (1 2 B 2 ) fragments is 34 kcal/mol, and the maximum available energy is 73 kcal/mol. These predicted results for NO 2 (1 2 B 2 ) closely match the measured kinetic energy distribution for the stable NO 2 fragments, which peaks at 35 and extends to 73 kcal/mol. Similar results for the most probable kinetic energy are also obtained using MRD-CI calculations by Hirsch and Buenker 28 with an ONO angle of 130°a nd N-O bond lengths of 1.23 Å. These calculations predict the most probable internal energy for the NO 2 fragments to be 62 kcal/mol, which results in a most probable kinetic energy of 36 kcal/mol, after subtracting the average internal energy of the OH fragment. Thus, we assign the stable NO 2 fragments to the 1 2 B 2 state. Our assignment does not conflict with the fluorescence measurements since the 1 2 B 2 state undergoes rapid internal conversion to high vibrational levels in the ground state. 29 If we use the same argument as above to assign the electronic state of the slower NO 2 product that undergoes secondary dissociation, we do not find a match from any of the three low-lying doublet states in Table I with the translational energy distribution in Fig. 7 used to fit this reaction channel. The most probable translational energies predicted for the 1 2 B 1 and the 1 2 A 2 electronic states of NO 2 are 25 and 30 kcal/mol, respectively. Our measured P(E T ), on the other hand, peaks at 15 and extends to 34 kcal/mol, indicating the NO 2 product is formed with more internal energy than is predicted for any of the three low-lying excited states of NO 2 .
To help us determine the electronic state of this unstable NO 2 product and to further analyze our assignments, we generate a state correlation diagram along the OHϩNO 2 reaction coordinate at bent NO 2 geometry. We first present a molecular orbital correlation diagram [30] [31] [32] [33] in Fig. 10 for the fragmentation of nitric acid into OHϩNO 2 products to illustrate the diabatic character of the reactant and product molecular orbitals. The usual adiabatic state correlation diagram shown in Fig. 11 assumes that every crossing between configuration states of the same symmetry is avoided and draws the correlation lines between the individual states of the reactants and products of equal symmetry. The barriers resulting from avoided crossings between states of similar symmetry are thus not shown, although you can easily determine them from the molecular orbital diagram in Fig. 10 34 in our lab have illustrated that Woodward-Hoffmann forbidden reactions are particularly subject to a failure in the Born-Oppenheimer approximation. Thus, we expect the reaction dynamics to have difficulty traversing the adiabatic reaction coordinate. Since the reaction rate is reduced, other pathways can compete. In fact, the branching ratio between this second pathway and the adiabatic pathway which yields NO 2 (1 2 B 2 ) is 2.2:1.0. This second pathway could result from a nonadiabatic hop to a nearby AЈ excited state in nitric acid. The correlation diagram in Fig. 11 gives two Fig. 4 . This signal is due to NO from the secondary dissociation of NO 2 . ͓Although the NO 2 fragments from the fast OHϩNO 2 (1 2 B 2 ) channel with kinetic energies less than 28.7 kcal/mol have enough internal energy to undergo secondary dissociation, the contribution from these fragments is minimal and would not fit the NO ϩ signal completely.͔ In addition, partitioning all 76.6 kcal/mol of the available energy into the HONO fragment, to produce such fast OH in this second channel, implies a negligible exit barrier for the OϩHONO products; therefore, we do not believe this is a likely mechanism. If we instead assume all of the 76.6 kcal/ mol of available energy goes into relative translation of the OϩHONO fragments, then HONO does not have enough energy to undergo secondary dissociation, but would still crack in the ionizer to give the OH and NO fragments. This mechanism, however, is too slow to fit the OH ϩ signal peaking at 140 s in the top frame of Fig. 1 . A third possibility that we have considered is a multiphoton process such as secondary photodissociation of HONO to OHϩNO. Huber and co-workers 3 investigated the laser fluence dependence of the OH ϩ signal. They observed at a high laser fluence of 500 mJ/cm 2 , a decrease in the relative intensity of the peak for the HONO component with respect to the two peaks for the OH components. This decrease results from secondary photodissociation of HONO. The relative intensities between the two peaks for the OHϩNO 2 channels, however, did not vary with laser power, suggesting that the slower of the two fast OH ϩ peaks does not result from a secondary photodissociation process.
B. Restricted correlation diagram for the OH؉NO 2 reaction coordinate
When both adiabatic and nonadiabatic product channels compete, as in nitric acid, the usual way of constructing an adiabatic correlation diagram can be useless in predicting what nonadiabatic channels might occur with high probability. For instance, the adiabatic correlation diagram in Fig. 11 would suggest that the AЈ states in proximity to the photoexcited 2 1 Fig. 11 . The unconnected line for the NO 2 (1 2 B 1 )ϩOH products correlates to the higher-lying 4
1 AЉ excited state of nitric acid, which is not shown.
in the full correlation diagram is not correct. In order to determine the identity of the observed nonadiabatic products, we need a better method for generating correlation diagrams.
To conceive of such a new correlation diagram, we considered the following. Because the electronic excitation is localized on the NO 2 moiety, and none of the energetically available NO 2 product states have the nb,O → NO 2 * character associated with the initial transition, a dissociation, whether adiabatic or nonadiabatic, must involve considerable electronic rearrangement. What if we generate a new ''restricted adiabatic'' correlation diagram which disallows any large changes in the electronic wave function on portions of the molecule remote from the NO 2 moiety? This is clearly not the usual way of constructing adiabatic correlation diagrams, yet it may provide us with a better picture of the reaction dynamics.
Since the OH fragment is remote from the NO 2 moiety, we propose that no large electronic changes in the OH fragment can occur during the dissociation. The full correlation diagram in Fig. 11 shows the asymptotic products correlating to both an AЉ and an AЈ singlet state, which results because the OH fragment is doubly degenerate ( 2 ⌸): the lone p electron can either be in the plane of symmetry (aЈ) defined by the plane of symmetry of the parent nitric acid molecule or perpendicular (aЉ) to it ͑Fig. 12͒. We propose that the radical p electron in the OH fragment remains in the plane of symmetry (aЈ) as it is for the low-lying excited states of nitric acid. Our revised correlation diagram, presented in Fig.  13 , restricts the radical p electron on OH to be in an aЈ orbital with respect to the parent plane of symmetry for the asymptotic products of all the low-lying excited states of nitric acid. All the correlations resulting from the radical p electron on the OH fragment being antisymmetric with respect to the molecular plane (aЉ) can, in our restricted diagram, only result from high-lying excited states of nitric acid ͓states where the *(N-OH) orbital is occupied͔. These are represented by light dotted lines in our figure. This correlation diagram still shows the restricted adiabatic pathway for the 2 1 AЈ excited state leading to OHϩNO 2 (1 2 B 2 ); therefore, it does not conflict with our previous assignment.
This restricted adiabatic correlation diagram clearly demonstrates why the NO 2 (1 2 A 2 ) and NO 2 (1 2 B 1 ) asymptotic products of the 3 1 AЈ and 4 1 AЈ excited states of nitric acid in the fully adiabatic correlation diagram are not seen experimentally. These two product channels require the radical p electron on the OH moiety to change from being in the plane of the molecular system in the Franck-Condon region to perpendicular to that plane in the asymptotic products. The physical basis for introducing a restricted correlation diagram, one that does not allow such a change, is as follows. For a 1 AЈ state of nitric acid to correlate to an AЉ NO 2 product state, the OH fragment must develop AЉ symmetry along the reaction coordinate. We propose that in a diabatic representation of the states of nitric acid, the offdiagonal configuration interaction matrix elements that facilitate such a change in the electronic wave function ͑a change that would allow the molecule to access the light dotted line states in the figure from excitation to the lowlying states of nitric acid͒ are exceedingly small, even smaller than Woodward-Hoffmann forbidden couplings for electronic changes localized on the NO 2 moiety. For example, the NO 2 (1 2 A 1 )ϩOH(AЉ) products correlate diabatically to a high-lying excited state of nitric acid corresponding to excitation from the out-of-plane nonbonding orbital on the OH moiety to the * orbital along the N-OH bond. We also present a restricted correlation diagram for the triplet states of nitric acid, Fig. 14 . This figure reveals another possible mechanism, rapid spin-orbit coupling to the triplet manifold to produce a low-lying quartet state of NO 2 37 These values predict peak kinetic energies of 18 and 15 kcal/mol, respectively. On the other hand, higher level calculations using third-order perturbation theory and a CC-PVTZ basis 38 with the NO 2 geometry in ground state nitric acid predict a vertical excitation energy of 4.38 eV for the lower-lying 1 4 B 2 state. Since this estimate predicts the most probable internal energy for the NO 2 fragments as 101 kcal/ mol, the most probable translational energy would occur around zero; therefore, these calculations indicate a quartet state is unlikely. Thus, further calculations, such as the minimum energies for the quartet states, are needed to definitively assign this second electronic state.
To provide further support for our proposal that the OH radical electron in nitric acid does not reorient to an orbital perpendicular to the molecular plane, we can examine other systems which undergo RϩNO 2 dissociation. Both methyl nitrate, CH 3 ONO 2 , and nitromethane, CH 3 NO 2 , have lowlying excited states involving transitions localized on the NO 2 moiety analogous to nitric acid. 30 Similarly, two distinct kinetic energy distributions for the RϩNO 2 channels are measured for CH 3 36 Although we agree with their assignment for the fast CH 3 ϩNO 2 products, calculations by Kedziora et al. 38 show the NO 2 (2 2 B 2 ) is energetically inaccessible. Similar to the OH fragment in nitric acid, the CH 3 O fragment produced from the photodissociation of methyl nitrate is doubly degenerate. We propose that the radical p electron for CH 3 O also remains in the plane of the parent molecule. Although Huber and co-workers 40 do not definitively assign the CH 3 OϩNO 2 channels in methyl nitrate, we assign the predominant and faster channel to CH 3 OϩNO 2 (1 2 B 2 ).
C. O؉HONO channels
We also measured two different kinetic energy distributions for the OϩHONO pathway, although only minor branching to the channel at low kinetic energies is observed. This channel was not reported by Huber and co-workers, 3 since they attributed the slow signal at NO 2 ϩ to clusters. As we suggested earlier, these two channels most likely result from different electronic states of HONO since they possess very different daughter-ion cracking patterns. In order to determine the electronic states for these two channels, we begin by considering two spin-conserving pathways,
The translational energy distributions for these channels, Fig.  6 , show that the minor OϩHONO channel peaks at 1 kcal/ mol and extends to approximately 10 kcal/mol, whereas the dominant OϩHONO channel peaks around 8 kcal/mol and extends to 25 kcal/mol. To aid in our assignments, we present an adiabatic correlation diagram along the OϩHONO reaction coordinate for the singlet excited states for nitric acid. 41 The correlation diagram for the singlet states, Fig. 15 is centered on orbitals that are not remote from the electronic transition in nitric acid, this pathway is experimentally observed. The other observed pathway to O( 3 P) ϩHONO(a 3 AЉ) is predicted in the CIS calculation, the equivalent of a restricted adiabatic correlation if one only allows single electronic changes in orbital occupancies along the reaction coordinate. This observed pathway would then compare to a nonadiabatic hop to an upper adiabat, such as the 4 1 AЈ excited state in nitric acid in the full adiabatic correlation diagram.
D. Quantum yield measurements
The final goal in this paper is to resolve the discrepancies of the quantum yield measurements from the photodissociation of nitric acid at 193 nm. Our branching ratio, which includes the minor OϩHONO pathway, is ͑OHϩNO 2 ͒/͑OϩHONO͒ϭ0.50Ϯ0.05. In order to compare our branching ratios with the quantum yield measurements, we convert our ratio into product yields. Since the photodissociation occurs on a time scale faster than fluorescence, as illustrated by the anisotropic angular distributions, the branching ratio can be directly converted into quantum yields since fluorescence is a negligible competing process. We obtain ⌽(OH)ϭ0.33Ϯ0.04 and ⌽͑O total ͒ϭ0.67Ϯ0.04. In the introduction, we reviewed two conflicting spectroscopic measurements of the OH quantum yield. Our OH quantum yield agrees with the quantum yield reported by Ravishankara and co-workers 1 ͓⌽(OH)ϭ0.33Ϯ0.06͔ and is smaller than the OH quantum yield reported by Schiffman and Nesbitt 2 ͓⌽(OH)ϭ0.47Ϯ0.06͔. Our OH quantum yield is also out of range of the value reported by prior photofragment velocity analysis molecular beam studies by Huber and co-workers 3 ͓⌽(OH)ϭ0.6Ϯ0.1͔, who relied on a daughterion cracking pattern of HONO, which did not include fragmentation to O ϩ in the ionizer. Ravishankara and co-workers also measured ⌽͑O total ͒ϭ0.81Ϯ0.13, which is higher than our measurement because it includes contributions from the secondary dissociation of NO 2 
V. SUMMARY
In this paper, we introduce a new method for generating a restricted adiabatic correlation diagram to identify which adiabatic and nonadiabatic product channels are likely to occur upon photoexcitation. The restricted correlation diagram, which does not allow large changes in the electronic character on remote portions of the molecule along the reaction coordinate, can be applied to other systems as long as the transition is localized on a functional group in the molecule. We plan to investigate a variety of systems in order to further develop this concept.
